Introduction {#j_hukin-2018-0087_s_001}
============

Gait initiation (GI) involves the shifting of body weight from double limb support during quiet standing (QS) to a single limb, moving the body forward while controlling frontal and sagittal plane forces as the body transitions to steady-state gait whereby the center of mass (COM) velocity is relatively constant. With the feet side-by-side prior to GI, the initial intended swing limb is unable to develop 'push-off' energy normally seen in steady-state gait. Thus, energy for the first step must come from other sources, including passive gravitational forward lean and active hip flexor contraction to pull the swing leg forward. As opposed to the predominately sagittal motion of steady-state gait, GI begins with the lateral shifting of the COM, which cannot be too lateral or too fast as this may result in a loss of balance, possibly leading to a fall ([@j_hukin-2018-0087_ref_037]; [@j_hukin-2018-0087_ref_038]).

From a neuromuscular perspective, when a subject commits to begin walking, soleus activity is inhibited followed immediately by activation of the tibialis anterior of both legs, which allows the center of pressure (COP) to move backward ([@j_hukin-2018-0087_ref_010]; [@j_hukin-2018-0087_ref_003], [@j_hukin-2018-0087_ref_004]). Concurrently, hip abductors are inhibited on the initial stance limb and activated on the ipsilateral limb, such that the COP shifts briefly towards the stance limb ([@j_hukin-2018-0087_ref_007]). Paradoxically, this pattern results in the initial swing limb being loaded momentarily while the contralateral limb is unloaded, the intention of which is to allow the COP to accelerate the COM toward the contralateral limb. This results in unloading the initial swing limb so that the first step of GI may take place ([@j_hukin-2018-0087_ref_020]). Subsequently, the COP is driven medially during stance limb loading, and forward along the stance foot as the swing limb is lifted upward and forward ([@j_hukin-2018-0087_ref_009]; [@j_hukin-2018-0087_ref_014]). During the first step of GI, hip abductors of the stance limb act to prevent the pelvis from dropping on the side of the intended swing limb ([@j_hukin-2018-0087_ref_007]).

Previous research has considered different numbers of steps for studying GI, including one step ([@j_hukin-2018-0087_ref_001]), two steps ([@j_hukin-2018-0087_ref_020]), three steps ([@j_hukin-2018-0087_ref_024]; [@j_hukin-2018-0087_ref_029]; Miller and Verstraete, 1996a, 1999), and four steps ([@j_hukin-2018-0087_ref_032]) depending upon what parameter of gait was being considered to define steady-state gait. For this study, we wanted to examine the entire process of moving from a stationary position to a point where most gait parameters reflected steady-state gait. Thus, we considered steady-state gait to occur at the end of the third step, in our case, after two left steps and one right step (LR-L). Our variables of interest in this study were sagittal and frontal plane GI kinetics; specifically, joint moments of force and powers, and the related support moment ([@j_hukin-2018-0087_ref_044]) along with joint mechanical energy patterns.

Winter's Support Moment Principle {#j_hukin-2018-0087_s_001_s_001}
---------------------------------

In 1980, Winter proposed the principle of the overall support moment, i.e., the algebraic summation of sagittal plane lower extremity joint extensor moments of force during gait ([@j_hukin-2018-0087_ref_044]). The principle was based on the concept that the central nervous system (CNS) does not simply control individual joint moments of force; rather, the entire lower extremity acts as a single unit with respect to support against gravity, particularly during the single support phase of gait where the collapse of the limb would be disastrous. The support moment allows the CNS considerable flexibility in adapting joint motion patterns of the lower extremity hip and knee moments, depending upon such circumstances as pain avoidance, changes in terrain, speed, aging, and so forth.

Since 1980, many researchers have included support moment data in numerous published studies. These include studies of walking and running in both healthy and injured/disabled populations ([@j_hukin-2018-0087_ref_008]; [@j_hukin-2018-0087_ref_015]; [@j_hukin-2018-0087_ref_027]; [@j_hukin-2018-0087_ref_040]) as well as stair climbing and slope walking ([@j_hukin-2018-0087_ref_016], [@j_hukin-2018-0087_ref_017]; [@j_hukin-2018-0087_ref_021]; [@j_hukin-2018-0087_ref_023]; [@j_hukin-2018-0087_ref_033], [@j_hukin-2018-0087_ref_034]). In fact, the widespread acceptance of the concept of the support moment is clear from the fact that its use has gone beyond the original paradigm of gait to such topics as squatting ([@j_hukin-2018-0087_ref_019]; [@j_hukin-2018-0087_ref_022]; [@j_hukin-2018-0087_ref_039]), muscle fatigue ([@j_hukin-2018-0087_ref_035]), osteoarthritis (Liu et al., 2014; [@j_hukin-2018-0087_ref_028]), cerebellar ataxias (Serrao et al., 2012), and methodological studies ([@j_hukin-2018-0087_ref_025]). The principle has even been extended to non-human gait studies ([@j_hukin-2018-0087_ref_002]; [@j_hukin-2018-0087_ref_005]). Thus, the concept of summing lower extremity moments is so well established as support moment that similar mathematical operations on lower limb joint moments during non-gait activities make reference to Winter's principle ([@j_hukin-2018-0087_ref_036]).

Joint Power and Mechanical Energy in Gait Initiation {#j_hukin-2018-0087_s_001_s_002}
----------------------------------------------------

From the perspective mechanical energy, GI has been described as the the changing of the body's energy state from primarily potential energy during QS to the states of both kinetic and potential energy during the first three steps (Miller and Verstraete, 1999). Previous energy analyses of GI have considered segmental components and total body energy throughout each step calculated from anthropometric and kinematic data ([@j_hukin-2018-0087_ref_030], 1999). In the present study, we employed a kinetic analysis of joint power with time integration to determine joint energy patterns. This allowed us to fully describe control strategies employed by subjects, revealing when energy was being absorbed or generated. In turn, this identified when muscles were acting eccentrically and concentrically. Sagittal and frontal plane analyses of GI joint powers offer the advantage over kinematics-based techniques ([@j_hukin-2018-0087_ref_031]) in identifying phases of energy generation, absorption, and transfers across joints, allowing us to understand more fully the GI process.

GI is a transitional state between QS and steady-state gait through which healthy individuals pass normally with ease. However, for individuals with neurological conditions such as multiple sclerosis or Parkinson's disease, movement transition states such as GI present unique neuromuscular control challenges. In the former population, the requirement of accelerating the body, both laterally and forward during GI, increases the risk of falls ([@j_hukin-2018-0087_ref_006]; [@j_hukin-2018-0087_ref_043]), while in the latter population, the study of the energetics of GI may be of particular interest as it relates to the phenomenon of 'freezing' of gait ([@j_hukin-2018-0087_ref_012]). In addition to our current understanding of GI kinematics, center of pressure (COP) and electromyographic (EMG) patterns, kinetics-based analyses, as opposed to the study of kinematics alone, offer a more complete picture of how healthy individuals typically transition through GI, and may provide additional clues for developing novel strategies in disabled populations to prevent falls and overcome motor blocks that occur in GI.

To date, there have been virtually no three-dimensional (3D) kinetic analyses of GI, and none reporting energy utilization from a power analysis point of view or that has examined the frontal plane component of the overall support moment during GI. Our methodology allows one to explore the possibility that the support moment may play an additional role in the frontal plane. Thus, the purposes of this study were to: a) record the lower extremity joint moments and powers in the sagittal and frontal planes during the first three steps of GI; b) evaluate support moments in both planes; and c) analyze planar energy patterns during GI in a group of healthy, young adults.

Hypotheses {#j_hukin-2018-0087_s_001_s_003}
----------

1.  The sagittal plane support moment would be like that previously reported and would be evident following the first step.

2.  There would be a differentiation in the roles of the sagittal and frontal planes support moment, respectively.

3.  Sagittal powers would have little contribution during the initial transfer of weight in the stance phase of the first step.

4.  The energies in the sagittal plane would be significantly larger than those of the frontal plane particularly for the hip in the first step forward.

5.  By the third step of GI, all kinetic variables would be like those seen in steady-state gait.

Methods {#j_hukin-2018-0087_s_002}
=======

Participants {#j_hukin-2018-0087_s_002_s_001}
------------

Nine females and six males with no reported neurological or musculoskeletal conditions were convenience-sampled for the study. The study was conducted according to the Declaration of Helsinki and the protocol was fully approved by the University of Auckland Human Research Ethics Committee before the commencement of the assessments. Prior to data collection, subjects' mass and height were recorded and body mass index (BMI) was calculated (Mean ± SD mass: 73.96 ± 16.67 kg; height: 1.75 ± 0.10 m; BMI: 24.09 ± 4.23 kg/m^2^). Female subjects had significantly smaller values for mass (t = 5.004, *p* \< 0.001), height (t = 3.256, *p* = 0.006), and BMI (t = 2.364, *p* = 0.034).

Data Collection {#j_hukin-2018-0087_s_002_s_002}
---------------

Subjects stood with their feet shoulder-width apart on two adjacent force platforms (FP1 & FP3) for a minimum of 5 s to stabilize their motion, and self-initiated walking with the left foot landing on a third force platform (FP2) ([Figure 1A)](#j_hukin-2018-0087_fig_001){ref-type="fig"}. They continued walking for a minimum of 4 m. A total of five GI trials were recorded for each subject. The only constraint on the subjects was that all trials began with the left leg; otherwise, they were free to initiate walking as they normally would do outside the laboratory.

![**A**: Schematic of the gait initiation protocol - FPn = force platform n. +Y = AP direction, +X = ML direction **B**: Time-normalization schema - DS = double support, SwL = swing leg, StL = stance leg](hukin-67-085-g001){#j_hukin-2018-0087_fig_001}

Ground reaction force (GRF) data were obtained from three force platforms (Model 4060-08 (x 2) and Model 6090, Bertec Corporation, Columbus OH, USA). Kinematic data were obtained using a synchronized eight-camera motion capture system (VICON MX). A 21-marker model, including 15 markers comprising the 3D lower limb model (VICON Plug-In Gait), along with 3 additional upper body markers (shoulder, elbow and wrist) used with the 3D data to calculate the COM, defined an 11-segment model (6 lower limb segments, head and trunk, and 4 upper extremity segments). Kinematic data were filtered using quintic spline functions ([@j_hukin-2018-0087_ref_042]). Kinematic and GRF data were time synchronized via A/D sampling by the data collection computer at 100 and 1000 Hz, respectively.

Data Analysis {#j_hukin-2018-0087_s_002_s_003}
-------------

Joint kinetic data of the lower extremity were calculated using the 3D marker and GRF data. Moments and powers were normalized to subject's individual body mass, i.e, Nm/kg and W/kg, respectively. The data were analyzed for three successive steps: STEP1 (left), STEP2 (right), and STEP3 (left). Furthermore, the data were time-normalized, i.e., 0 to 100% of GI, with 6 gait events identified ([Figure 1B)](#j_hukin-2018-0087_fig_001){ref-type="fig"}, and ensemble averaged across trials and between subjects. For standardization, the start of the 3-step cycle was defined to have occurred 0.5 s prior to STEP1 toe-off and continued through STEP2 until the 2nd left heel contact at the end of STEP3. As no time-normalized gait events data for three successive GI steps have been published previously, the normalized GI cycle events used in the present study were determined by calculating the percentage of the total GI time where heel contacts and toe offs occurred for each of the 15 subjects, then averaging these data to determine the percent values shown in [Figure 1B](#j_hukin-2018-0087_fig_001){ref-type="fig"}. The normalization was done for plotting purposes and for calculating means and coefficients of variation (CV).

Data Analyses {#j_hukin-2018-0087_s_002_s_004}
-------------

Following the method of [@j_hukin-2018-0087_ref_044], the support moment in the sagittal plane was calculated by summing the hip, knee, and ankle extensor moments. This methodology was adapted for frontal plane moments of force by summing the abductor/evertor moments of the hip, knee, and ankle, respectively. Hip, knee, and ankle joint power bursts in both planes were identified and labeled according to the convention published by [@j_hukin-2018-0087_ref_045]: hip H1 to H3, knee K1 to K4, and ankle A1 and A2. Additional bursts were consistently present in the frontal plane, resulting in a modification of the labeling system of the ankle, e.g., A1A, A1B. All power bursts were given unique labels for statistical analysis purposes, e.g., S3H3 is the 3rd hip power burst in STEP3. Energy generation and absorption were quantified by integrating the joint powers using a trapezoidal technique ([@j_hukin-2018-0087_ref_026]) in the frontal and sagittal planes. Velocity and acceleration COM data were computed from the resultant COM position data using the central differences method ([@j_hukin-2018-0087_ref_047]).

Statistical Analysis {#j_hukin-2018-0087_s_002_s_005}
--------------------

A 3x2x3 ANOVA examined the main and interaction effects of step, plane, and joint, respectively, on energy absorption and energy generation. Post hoc tests with Bonferroni correction were conducted where appropriate. Paired-sample t-tests were used in cases where there were two groups of comparison. Pearson product moment correlation coefficients were calculated to determine the relationship of planar joint moments and support moment, and planar joint powers within STEP1, STEP2, and STEP3. The magnitude of the correlations was determined using the modified scale by Hopkins ([@j_hukin-2018-0087_ref_018]): r \< 0.1, trivial; 0.1 -- 0.3, low; \> 0.3 -- 0.5, moderate; \> 0.5 -- 0.7, high; \> 0.7 -- 0.9, very high; \> 0.9, nearly perfect; and 1.0, perfect. The level of significance was set a priori at *p* ≤ 0.05. The test-retest reliability of the energy values was assessed by intraclass correlation coefficients (ICCs), whereas variance was assessed by coefficients of variation (CVs).

Results {#j_hukin-2018-0087_s_003}
=======

Joint and Support Moments {#j_hukin-2018-0087_s_003_s_001}
-------------------------

Ensemble averaged joint moments and support moment data (mean: solid line; ± 1 SD: dotted lines) are shown in [Figure 2](#j_hukin-2018-0087_fig_002){ref-type="fig"}, with sagittal plane data on the left and frontal plane data on the right along with coefficient of variation (CV) data. To facilitate understanding the natural sequence of GI, STEP1 and STEP3 are plotted continuously (left leg) with STEP2 (right leg) plotted underneath for each joint in each plane. Vertical dotted lines show the sub-phases of the 3-step GI cycle as defined in [Figure 1B](#j_hukin-2018-0087_fig_001){ref-type="fig"}.

![Sagittal (left) and frontal (right) plane joint moments for STEP1, STEP3 (left leg) and STEP2 (right leg). Mean (solid line) and 1 SD (dotted lines) are shown. Vertical dashed lines indicate gait cycle phases (see [Figure 1B)](#j_hukin-2018-0087_fig_001){ref-type="fig"}. CV = coefficient of variation. \[N=15\]](hukin-67-085-g002){#j_hukin-2018-0087_fig_002}

Sagittal plane {#j_hukin-2018-0087_s_003_s_002}
--------------

The typical support moment pattern, i.e., predominately extensors during stance and zero during swing, seen in steady-state gait was not evident in STEP1. During STEP2, there was a gradual increase in magnitude during the stance phase of the support moment as the COM began to move away from the starting point. By STEP3, there was positive (extensor) activity during stance and slightly negative or zero support moment during swing, which was more or less typical ([@j_hukin-2018-0087_ref_044]). At the lower extremity joints, the magnitudes of the moments in STEP1 were relatively small, with most of the activity occurring in STEP2 and STEP3 at the ankle. Typical support moment patterns at the hip and knee were not evident until STEP3.

Frontal plane {#j_hukin-2018-0087_s_003_s_003}
-------------

As that seen in the sagittal plane, there was no discernable support moment in STEP1, but both STEP2 and STEP3 fully developed abductor support moment patterns, with average magnitudes larger than that seen in the sagittal plane. In fact, the support moment in STEP2 began immediately, which was expected since there was only a brief (0.5 s) stance phase in STEP1. However, where the largest joint moments occurred at the ankle in the sagittal plane, the hip moments in STEP2 and STEP3 were larger than the moments at the knee or ankle.

Planar Comparisons of Joint and Support Moments {#j_hukin-2018-0087_s_003_s_004}
-----------------------------------------------

Relationships between sagittal and frontal planes' joint and support moment patterns were calculated using the Pearson product-moment ([Table 1](#j_hukin-2018-0087_tab_001){ref-type="table"}). Virtually all correlations were statistically significant, with the exceptions of the hip moment in STEP2 and the knee moment in STEP3. The significant correlations ranged from - 0.23 (low) to 0.93 (nearly perfect). Support moment correlations were very high for STEP1 (r = -0.82) and STEP2 (r = 0.80), and nearly perfect for STEP3 (r = 0.93), while the corresponding correlations for the hip were moderate for STEP1 (r = -0.45), low for STEP2 (r = -0.16, not significant), and moderate for STEP3 (r = -0.34). Correlations for the knee were moderate for STEP1 (r = 0.32) and low for STEP 2 (r = -0.23) and STEP3 (r = 0.10, not significant), while for the ankle it was nearly perfect for STEP1 (r = -0.92), very high for STEP2 (r = 0.87), and high for STEP3 (r = 0.68).

###### 

Relationships of support, hip, knee, and ankle moments in the sagittal and frontal planes

  Sagittal vs Frontal                                                                       
  --------------------- ----------- ------------------ ---------- ------------- ----------- ------------------
  Support               -0.82\*\*   (very high)        0.80\*\*   (very high)   0.93\*\*    (nearly perfect)
  Hip                   -0.45\*\*   (moderate)         -0.16      (low)         -0.34\*\*   (moderate)
  Knee                  0.32\*\*    (moderate)         -0.23\*    (low)         0.10        (low)
  Ankle                 -0.92\*\*   (nearly perfect)   0.87\*\*   (very high)   0.68\*\*    (high)

\*\* Correlation is significant at the p \< 0.01 level

\* Correlation is significant at the p \< 0.05 level

Joint Powers {#j_hukin-2018-0087_s_003_s_005}
------------

Ensemble averaged joint power data (mean: solid line; ± SD: dotted lines) are shown in [Figure 2](#j_hukin-2018-0087_fig_002){ref-type="fig"}, with sagittal plane data on the left and frontal plane data on the right. Mean energy burst data are labelled along with coefficient of variation (CV) data. STEP1 and STEP3 are plotted together (left leg) with STEP2 (right leg) plotted underneath for each joint in each plane. Vertical dotted lines correspond to the main gait events ([Figure 1B)](#j_hukin-2018-0087_fig_001){ref-type="fig"}.

Significant main effects were found in the step (F = 49.2, *p* \< 0.001, partial eta squared = 0.35), plane (F = 177.6, *p* \< 0.001, partial eta squared = 0.66), and joint (F = 41.8, *p* \< 0.001, partial eta squared = 0.32). Significant interaction effects were found between step and joint (F = 4.0, *p* \< 0.01, partial eta squared = 0.04), step and plane (F = 49.2, *p* \< 0.001, partial eta squared = 0.35), joint and plane (F = 53.5, *p* \< 0.001, partial eta squared = 0.37), and step, joint and plane (F = 6.4, *p* \< 0.01, partial eta squared = 0.07).

Differences between Steps {#j_hukin-2018-0087_s_003_s_006}
-------------------------

ANOVA results revealed that energy absorption patterns during the three steps were significantly different. As shown in [Table 1](#j_hukin-2018-0087_tab_001){ref-type="table"}, in the sagittal plane, the energy absorption at the ankle joint during STEP1 was significantly reduced compared to STEP2 and STEP3 (*p* \< 0.05), and that of STEP2 was also significantly less than STEP3 (*p* \< 0.05). Likewise, energy absorption at the knee joint in the sagittal plane was significantly less in STEP2 as compared to STEP3 (*p* \< 0.05). In the frontal plane, only the knee joint energy absorption during STEP2 was significantly different from STEP3 (*p* \< 0.05).

Similarly, ANOVA results revealed that energy generation patterns during the three steps were significantly different. The energy generation in the sagittal plane at the ankle joint during STEP2 was significantly larger compared to STEP1 and STEP3 (*p* \< 0.05) ([Table 1](#j_hukin-2018-0087_tab_001){ref-type="table"}). STEP2 had significantly more knee energy generation than STEP3 (*p* \< 0.05); in turn STEP3 had significantly higher hip energy generation than STEP1 (*p* \< 0.05). In the frontal plane, STEP2 had significantly more ankle and knee energy generation than STEP1 (*p* \< 0.05), as well as larger hip energy generation than STEP3 (*p* \< 0.05).

Energy Differences between Joints {#j_hukin-2018-0087_s_003_s_007}
---------------------------------

ANOVA results demonstrate that energy absorption patterns are also significantly different between joints. Specifically, the energy absorption at hip joint in the sagittal plane is significantly more than ankle and knee joints during STEP3 ([Table 2](#j_hukin-2018-0087_tab_002){ref-type="table"}). In the frontal plane, ankle energy absorption was significantly smaller than knee and hip joints (p\<0.05) during STEP2. Ankle energy absorption was significantly smaller than hip joint during STEP3.

###### 

Comparison of energy absorbed and generated during gait initiation

                        STEP1 *(J/kg)*                STEP2 *(J/kg)*           STEP3 *(J/kg)*
  --------------------- ----------------------------- ------------------------ -------------------
  **Absorption**^\*^:                                                          
  Sagittal plane                                                               
  \- Hip                \--                           \--                      -2.18 (2.16)
  Knee                  \--                           -3.92 (1.29)^3^          -5.67 (2.59)^H^
  Ankle                 -0.88 (0.56)^2,3^             -3.42 (1.54)^3^          -4.54 (1.30)^H^
  Frontal plane                                                                
  Hip                   \--                           -0.62 (0.30)             -0.48(0.30)
  Knee                  \--                           -0.73 (0.58)^3^          -0.27(0.38)
  Ankle                 -0.04 (0.04) **Generation**   -0.07 (0.07)^K,H\ \*^:   -0.05(0.60)^H^
  Sagittal plane                                                               
  Hip                   4.52 (1.48)^3^                5.98 (1.87)              6.72 (2.77)
  Knee                  \--                           2.88 (1.45)^3,H^         1.45 (1.20)^H^
  Ankle                 0.40 (0.51)^2,3,H^            17.69 (6.27)^3,K,H^      10.77 (3.22)^K,H^
  Frontal plane                                                                
  Hip                   \--                           5.25 (1.14)^3^           2.80 (1.68)
  Knee                  0.18 (0.23)^2^                0.56 (0.27) ^H^          0.51 (0.61)^H^
  Ankle                 0.03 (0.02)^2^                0.09 (0.08)^H^           0.05 (0.05)^H^

*Note: \* = significant difference between energy type, ^2^ =significantly different from STEP2, ^3^ = significantly different from STEP3, ^K^ = significantly different from the knee joint, ^H^ = significantly different from the hip joint*.

###### 

Relationships of hip, knee, and ankle powers in the sagittal and frontal planes

                                   Sagittal vs Frontal                            
  ------- ----------- ------------ --------------------- ------------- ---------- -------------
  Hip     -0.42\*\*   (moderate)   0.30\*\*              (low)         -0.02      (trivial)
  Knee    -0.01       (trivial)    -0.54\*\*             (moderate)    0.38\*\*   (moderate)
  Ankle   0.72\*\*    (high)       0.89\*\*              (very high)   0.91\*\*   (very high)

\*\*Correlation is significant at the p \< 0.01 level

At the same time, energy generation between the joints was significantly different. Specifically, during STEP1, hip energy generation was significantly larger than ankle in the sagittal plane (*p* \< 0.05, [Table 1](#j_hukin-2018-0087_tab_001){ref-type="table"}). During STEP2 and STEP3, ankle energy generation was significantly higher compared to knee and hip joints in the sagittal plane (*p* \< 0.05), but significantly smaller than the hip joint in the frontal plane (*p* \< 0.05). During STEP2 and STEP3, the knee joint presented significantly smaller energy generation than the hip joint in both planes (*p* \< 0.05).

Energy Differences between Planes {#j_hukin-2018-0087_s_003_s_008}
---------------------------------

ANOVA results showed that the frontal plane had significantly higher energy absorption than the sagittal plane (*p* \< 0.001), whereas the sagittal plane had significantly higher energy generation than the frontal plane (*p* \< 0.001).

Sagittal Plane Energy {#j_hukin-2018-0087_s_003_s_009}
---------------------

There were no sagittal plane energy data for the knee joint during STEP1. Ankle energy absorption (A1) was present in all three steps and modified as a function of the step number (F(2,42) = 36.27, *p* \< 0.0001): A1 progressively increased in magnitude with each step. Ankle push-off (A2) was also present in all three steps, and modified as a function of the step number (F(2,42) = 68.27, *p* \< 0.0001): A2 was lowest in STEP1, highest in STEP2, and all steps were different from each other.

At the knee, no knee energy bursts were apparent in STEP1, K2 and K4 appeared in STEP2, while STEP3 contained K2, K3 and K4. Therefore, at the knee, steady state gait patterns were achieved progressively with each step. Comparisons across the latter two steps demonstrated that only K4 was different (F(1,28) = 5.50, *p* = 0.026), with STEP3 larger than STEP2.

At the hip, only hip pull-off (H3) was apparent at the toe-off in STEP1. Additional energy bursts became apparent as steps progressed: H1 was added at STEP2, and H2 was added at STEP3. H1 was significantly greater in STEP3 compared to STEP2 (F(1,26) = 10.44, *p* = 0.0033). Hip pull-off (H3) was not different across the different steps (F(2,42) = 2.32, *p* = 0.11).

Frontal Plane Energy {#j_hukin-2018-0087_s_003_s_010}
--------------------

There was no frontal plane energy data for the hip joint during STEP1. Only one frontal plane energy, H2, demonstrated a significant effect of the step number (F(1,28) = 21.94, *p* \< 0.0001) with post hoc analyses revealing that STEP2 was greater than STEP3.

###### 

Measurement reliability and variance

                    *Sagittal*                             *Frontal*   
  --------- ------- ------------ ------- --------- ------- ----------- -------
  L1H3      0.763   32.7%        27.0%   L3H1      0.584   65.7%       49.4%
  L3H1      0.736   53.7%        35.1%   L3H2      0.966   30.1%       25.1%
  L3H2      0.991   31.1%        15.8%   R2H1      0.707   57.5%       37.8%
  L3H3      0.936   22.1%        14.6%   R2H2      0.815   17.7%       9.0%
  R2H1      0.808   37.6%        30.2%   R2H3      0.910   24.2%       10.4%
  R2H3      0.772   40.0%        33.9%                                 
                                                                       
  Average   0.834   36.2%                Average   0.796   39.0%       
                                                                       
  *Knee*:   *ICC*   *CV*         *SD*              *ICC*   *CV*        *SD*
                                                                       
  L3K2      0.774   42.3%        24.2%   L1K1      0.951   65.7%       27.6%
  L3K3      0.684   60.7%        45.6%   L3K1      0.967   52.8%       27.4%
  L3K4      0.959   22.8%        9.5%    L3K2      0.970   51.9%       28.8%
  R2K2      0.937   35.1%        29.5%   R2K1      0.891   48.2%       42.6%
  R2K4      0.837   26.7%        13.0%   R2K2      0.919   45.4%       22.9%
                                         R2K3      0.983   56.4%       45.3%
                                         R2K4      0.936   32.8%       16.8%
                                                                       
  Average   0.838   37.5%                Average   0.945   50.5%       
                                                                       
  *Ankle*   *ICC*   *CV*         *SD*              *ICC*   *CV*        *SD*
  L1A1      0.915   48.5%        27.7%   L1A1      0.928   65.1%       44.9%
  L1A2      0.938   89.6%        62.2%   L1A2      0.925   64.7%       42.0%
  L3A1      0.874   23.3%        14.7%   L3A1      0.830   87.5%       32.4%
  L3A2      0.948   14.4%        6.6%    L3A2      0.852   111.3%      52.5%
  R2A1      0.927   30.9%        21.7%   R2A1a     0.964   52.4%       37.3%
  R2A2      0.950   19.8%        12.1%   R2A2a     0.867   86.4%       38.9%
                                         R2A1b     0.745   93.7%       29.5%
                                         R2A2b     0.774   95.0%       49.9%
                                                                       
  Average   0.925   37.8%                Average   0.861   82.0%       

ICC = Intraclass correlation coefficient; CV = Coefficient of variation; SD = Standard deviation Ln = Left STEPn; Rn = Right STEPn; A = Ankle; K = Knee; H = Hip

Joint Power Planar Comparisons {#j_hukin-2018-0087_s_003_s_011}
------------------------------

Joint power planar correlations are shown in [Table 2](#j_hukin-2018-0087_tab_002){ref-type="table"} and the ankle shows consistently high to nearly perfect positive correlations between planes, while the hip in STEP1 and the knee in STEP2 and STEP3 have moderate correlations.

Test-retest Reliability and Variance {#j_hukin-2018-0087_s_003_s_012}
------------------------------------

The ICC results along with CV data are presented in [Table 3](#j_hukin-2018-0087_tab_003){ref-type="table"}. Overall, the average ICC values are very high, ranging from 0.834 to 0.925 for the sagittal plane energy data and from 0.796 to 0.945 for the frontal plane energy data, indicating that the presence of these energy bursts is quite repeatable. The CV results for the sagittal plane energy data are consistent, averaging between 36.6 and 37.5%. On the other hand, the CV data for the frontal plane are more variable, averaging from 39.0 to 82.0%, with the ankle showing particularly high variability (range: 52.4 to 111.3%). In general, for the frontal plane, the more distal the joint, the higher the variation between subjects.

COM Kinematics {#j_hukin-2018-0087_s_003_s_013}
--------------

The velocity and acceleration of the COM were calculated for each step. COM velocity revealed an increasing pattern from STEP1 (0.83 ± 0.15 m·s^-1^) through STEP2 (1.10 ± 0.18 m·s^-1^) to STEP3 (1.16 ± 0.14 m·s^-1^) with the velocity of STEP1 being significantly lower than both STEP2 and STEP3 (F = 16.3, *p* \< 0.001). For COM acceleration, the pattern was different, with STEP2 (1.34 ± 0.30 m·s^-2^) being smaller than both STEP1 (1.62 ± 0.37 m·s^-2^) and STEP3 (1.45 ± 0.65 m·s^-2^). COM acceleration of STEP2 was significantly smaller compared to STEP1 (F-4.44, *p* \< 0.04). The reliability of the COM kinematics was nearly perfect, with ICC values ranging from 0.95 to 0.98 and CV values ≤ 20.0%.

Discussion {#j_hukin-2018-0087_s_004}
==========

Transition from standing to walking is not an insignificant event. Goals during QS include maintaining support by locking the hip and knee joints, while allowing small motions at the ankle as the COP contains the COM within the base of support. In the case of a steady-state gait, the COP can move beyond the base of support as the function of each limb shifts from supporting the body while first absorbing, then generating energy, to swinging forward ahead of the body in preparation for the next step. During the single support period of stance, one of the goals is the same as QS: keep the COM within the base of support, i.e., the stance foot, but the motion of the COM is predominantly in the forward direction. As a result, accelerations are much larger than during QS, with commensurate increases in joint moments and energy.

Joint, Support, and Centering Moments {#j_hukin-2018-0087_s_004_s_001}
-------------------------------------

When first proposed by [@j_hukin-2018-0087_ref_044], the principle of the support moment was an attempt to explain how, in some cases, repeatable lower extremity joint moment patterns at the hip and knee were 180° out of phase as compared to most healthy, normal subjects; yet these subjects otherwise demonstrated successful gait patterns. In particular, some subjects presented with a flexor knee moment during single support in a stance, the implication of which is that, from the perspective of the knee alone, this should have meant the leg was collapsing. However, by considering the entire limb as a single unit, the principle of the support moment allowed for the individual joints of the lower extremity to differ considerably from subject to subject, so long as there was a sufficiently large extensor support moment during stance.

At the time that this principle was proposed, most gait analyses only considered motion in the sagittal plane, so it was natural for Winter to see the goal of the support moment in terms of the behavior of the lower extremity joints in that plane, i.e., resisting collapse of the body, particularly in single support. Since the support moment was first proposed, 3D gait analysis has become the standard in virtually all motion analysis laboratories. This has allowed for examination of sagittal, frontal, and transverse gait kinematics and kinetics. However, to date, there has been no examination of the 3D manifestation of the support moment and what role(s) it may play in the frontal plane. This study was an attempt to explore this phenomenon more fully.

The results of this study ([Figure 2](#j_hukin-2018-0087_fig_002){ref-type="fig"}) clearly indicate that the typical support moment pattern does not emerge until the STEP2 in both the sagittal and frontal planes. Since the motion in the early part of STEP1 is predominately lateral in direction, it is not surprising that the right leg frontal plane support moment (STEP2) begins even before the left foot has left the ground. The magnitude of the frontal plane support moment in STEP2 is much larger compared to STEP3, which is also consistent with the lateral-then-anterior motion of the COM during the first two steps of GI. By STEP3, it is reasonable to assume that the support moment patterns are fully developed in both planes, which is supported by our findings.

The patterns of joint moments in the sagittal plane also display the gradual development over each step towards that seen in steady-state gait. On one hand, what is most interesting is that while the dominant joint moment occurs at the ankle in the sagittal plane, it is the hip that has the largest moments in the frontal plane, with decreasing magnitudes in the knee and ankle, respectively. On the other hand, there are virtually no adductor or invertor moments occurring in the frontal plane. As such, joint patterns at the hip and knee resemble the abductor support moment. This is the first clue that the goals of the support moment in the sagittal and frontal planes may not be identical. In STEP2 and STEP3, the ankle has the largest contribution to the extensor nature of the sagittal support moment as motion in the sagittal plane dominates with the plantarflexor muscles providing most of the energy needed. Simultaneously during the same steps, in the frontal plane, the COM moves laterally to its limit, then moves back towards the midline, with the hip abductors providing the trunk stabilization needed to facilitate this motion.

The correlation data in [Table 1](#j_hukin-2018-0087_tab_001){ref-type="table"} give some insight into how the sagittal and frontal support moments are related. Positive correlations indicate that the support moment is acting to both prevent collapse in the sagittal plane (extensor) and to keep the COM close to the path of motion near the midline of the body (abductor), preventing excessive lateral motion. At the joints, positive correlations indicate both extensor and abductor, or plantarflexor and evertor, moments occur together. In STEP1, three of the four correlations are negative, which is expected since the participants do not want to collapse, but want to allow for movement of the COM in the frontal plane to unweight the STEP1 supporting limb, then return the COM to the midline position during the step. In STEP2 and STEP3, the correlations are similar whereby the support moment and ankles have high and very high positive correlations, suggesting that resisting collapse and keeping the COM close to the midline are the goals, as the pattern of steady-state gait becomes increasingly evident. Just as [@j_hukin-2018-0087_ref_044] saw trade-offs between the hip and knee moments in the sagittal plane, there is evidence in our data of planar trade-offs at the hip and knee joints ([Table 1](#j_hukin-2018-0087_tab_001){ref-type="table"}).

If the overall sagittal plane extensor pattern of the support moment gave rise to its support role and moniker, what is to be made of the different role of the summation of abductor/evertor moments in the frontal plane? These exist to resist another threat to successful gait, but it is not to prevent collapse, but rather lateral falls. Thus, taking the frontal plane into consideration, we propose to extend Winter's support moment principle to include both a support, or anti-gravity, component in the sagittal plan as well as a centering component in the frontal plane.

Joint Energies {#j_hukin-2018-0087_s_004_s_002}
--------------

From the data shown in [Figure 3](#j_hukin-2018-0087_fig_003){ref-type="fig"}, it would seem that very little energy is absorbed at the ankle during the dorsiflexion that occurs in stance in either STEP1 or STEP2. Instead, there seems to be considerable energy generated at the hip (STEP1 and STEP2) and the knee (STEP2).

![Sagittal (left) and frontal (right) plane joint powers for STEP1, STEP3 (left leg) and STEP2 (right leg). Mean (solid line) and 1 SD (dotted lines) are shown. Vertical dashed lines indicate gait cycle phases ([Figure 1B)](#j_hukin-2018-0087_fig_001){ref-type="fig"}. Energy bursts (J/kg) are indicated. CV = coefficient of variation. \[N=15\]](hukin-67-085-g003){#j_hukin-2018-0087_fig_003}

We also know that during steady-state gait, the plantarflexors act eccentrically during early stance to control the forward rotation of the shank, as evidenced by the negative energy phase typically labelled A1 ([@j_hukin-2018-0087_ref_046]). Miller and Verstraete (1999) found that the greatest increase in energy occurred in STEP2, and in our data STEP2 at virtually all joints and both planes had the largest energy values. However, the same step had the lowest resultant acceleration of the COM. If the goal of GI is to achieve steady-state velocity as soon as safely possible, then one can imagine an initial burst of acceleration (from both muscular and inertial sources) during STEP1 to get things started (similar to putting one's foot on the car's accelerator), then reduced acceleration in STEP2 so that you do not 'over-shoot' the desired velocity (lifting your foot off the accelerator slightly), then, if necessary, adding slightly more acceleration in STEP3 as we 'fine-tune' the steady-state gait velocity profile.

To date, there exist far fewer published studies related to frontal plane kinetics in steady-state gait and none specifically investigating GI. [@j_hukin-2018-0087_ref_013] reported sagittal and frontal plane lower limb moments and powers during steady-state gait from nine male subjects. Similarity in shape, and to a certain extent, magnitudes between their data and ours show general agreement for the hip and knee for all steps. However, while the sagittal ankle moments have some similarities, the frontal plane powers at the ankle are quite different in that where our data show energy generation during push-off, the data of [@j_hukin-2018-0087_ref_013] indicate energy absorption during steady-state gait. The authors do note that their frontal plane ankle power data were small and highly variable, which our study corroborates.

What may be more interesting in comparing joint power patterns between planes ([Table 3](#j_hukin-2018-0087_tab_003){ref-type="table"}) is the fact that the ankle joint appears to be acting synchronously with positive correlations increasing from 0.72 (STEP1) to 0.91 (STEP3). In addition, the hip in STEP1 and the knee in STEP2 have moderate negative correlations of -0.42 and - 0.54 respectively, suggesting the possibility that energy flows may occur between planes.

The present study has documented the sagittal and frontal plane joint and support/centering moments, and joint powers and energies during the first three steps of GI in a sample of healthy, young adults. The methods of movement analysis used in this study offer powerful mechanisms to understand the crucial transition from QS to purposeful, and often highly dynamic, human movement including steady-state gait, as well as sporting activities such as running and jumping events (long jump, high jump, triple jump).

For the most part, our hypotheses were supported; however, differences in the power profile at the ankle joint as compared to published data on steady-state gait suggest that further study comparing these two activities is warranted. In addition, further exploration of how this centering moment manifests itself in a wide range of locomotion activities, including highly skilled performers such as dancers, gymnasts, and tai chi practitioners, may make a significant contribution to research into freeze of gait episodes in people with Parkinson's disease ([@j_hukin-2018-0087_ref_012]), and fall prevention, particularly when the person is moving laterally and when negotiating turns ([@j_hukin-2018-0087_ref_011]).
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